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Resonance fluorescence spectra from semiconductor quantum dots coupled to
slow-light photonic crystal waveguides
Kaushik Roy-Choudhury, Nishan Mann, Ross Manson and Stephen Hughes
Department of Physics, Engineering Physics and Astronomy,
Queen’s University, Kingston, Ontario, Canada, K7L 3N6∗
Using a polaron master equation approach we investigate the resonance fluorescence spectra from
coherently driven quantum dots (QDs) coupled to an acoustic phonon bath and a photonic crystal
waveguide with a rich local density of photon states (LDOS). Resonance fluorescence spectra from
QDs in semiconductor crystals are known to show strong signatures of electron-phonon interactions,
but when coupled to a structured photonic reservoir, the QD emission properties are also determined
by the frequency dependence of the LDOS of the photon reservoir. Here, we investigate the simulta-
neous role of coupled photon and phonon baths on the characteristic Mollow triplet spectra from a
strongly driven QD. As an example structured photonic reservoir, we first study a photonic crystal
coupled cavity waveguide, and find that photons and phonons have counter-interacting effects near
the upper mode-edge of the coupled-cavity waveguide, thus establishing the importance of their
separate roles in determining the emission spectra. The general theory is developed for arbitrary
photonic reservoirs and is further applied to determine resonance the fluorescence spectra from a
realistic, disordered W1 photonic crystal waveguide showing important photon-phonon interaction
effects that are directly relevant to emerging experiments and theoretical proposals.
PACS numbers: 42.50.-p, 42.50.Ct, 42.50.Nn, 78.67.Hc
I. INTRODUCTION
The discrete energy levels of a semiconductor quantum
dot (QD) makes it promising for scalable quantum infor-
mation applications1 at optical frequencies. Moreover,
the observation of resonance fluorescence spectra2 from
QDs3,4 strongly establishes their atomlike nature mim-
icking a discrete two-level quantum system when driven
by a coherent laser drive2. Strong field-dressing of the
emitter states results in three distinct spectral emissions
also known as the Mollow triplet2. Compared to simple
two-level atoms, however, semiconductor QDs are cou-
pled to the underlying lattice dynamics or phonons which
influence the light emission properties5–8. For example,
phonon interaction leads to asymmetric line broadening
and oscillator strength modification in the Mollow triplet
spectra for coherently excited QDs4,9.
Apart from phonon-modified emission dynamics, light-
matter interactions in a QD are also influenced by its
photonic environment10,11, e.g., resulting in the Purcell
effect or an increase in the spontaneous emission (SE)
rate. The SE rate of a quantum emitter is determined by
its projected photonic local density of states (LDOS) at
the frequency of the emitter; in the domain of strong field
resonance fluorescence, the emission spectrum consists of
three distinct spectral resonances, which in general de-
pend on a sampling of LDOS values from three different
spectral regions of the photonic reservoir12,13, namely at
ωL ± Ω, where ωL is the frequency of the drive and Ω is
the Rabi frequency. Hence emission from QDs coupled
to structured photonic reservoirs can bear signatures of
both the coupled phonon and photon baths. In fact for
QD SE decay, interactions between these baths becomes
particularly important, when their decay dynamics com-
pare in their time evolution. Emission from QDs un-
der this situation sample a broadband photonic LDOS
values around the emitter frequency, in direct violation
of Fermi’s golden rule14,15. The latter study was per-
formed under weak driving (excitation) conditions15,16,
when emission is only dominant around the QD fre-
quency. The role of this intercorrelated photon-phonon
dynamics is, to teh best of our knowledge, unknown un-
der strong driving conditions for an arbitrarily shaped
LDOS. The problem has been partly investigated, how-
ever, in the case of QDs coupled to simple Lorentzian
cavities4,17–19. Coupling with more complex photonic
structures (e.g. photonic crystal (PC) band edges20) has
been usually treated under a secular approximation20,21,
where the calculated side-band intensities do not reflect
the underlying asymmetry of the photon bath. Attempts
to include correlation effects from simultaneous coupling
to structured photon and phonon reservoirs have resorted
to simplifying mean-field approximations20 for phonons
which only leads to a simple overall renormalization of
the QD-photon bath coupling. Thus a self-consistent
quantum theory describing effects of arbitrary structured
photon and phonon reservoirs on QD resonance fluores-
cence spectra is lacking.
In this paper, we develop a polaron master equation
(ME) approach19,22–24 to model the resonance fluores-
cence spectra from a strongly driven QD, simultaneously
coupled to an arbitrary structured photon bath and an
acoustic phonon bath. We first choose the case of a
coupled-cavity PC waveguide (Fig. 1(a)) which has use
for slow-light propagation25 and on-chip single photon
emission applications26–29. The developed model is then
applied to investigate the role of photon and phonon bath
coupling in the waveguide emitted Mollow triplet spectra.
Spectral inhomogeneties of the reservoirs arising due to
fast spectral variation of photon and phonon LDOS val-
2FIG. 1: (Color online). Photonic crystal coupled-cavity waveg-
uide (a) and a (b) W1 PC waveguide (missing row of holes) con-
taining a coupled semiconductor QD. (c) Energy level diagram of a
neutral, coherently driven QD (electron-hole pair) interacting with
a phonon bath and a photon bath. The operator f†
k
(b†q) creates a
photon (phonon).
ues gives rise to a Mollow triplet spectrum with asym-
metric sideband intensities and linewidths9. One conse-
quence of phonon coupling is that the linewidths of the
Mollow sidebands are asymmetric12 which is also a signif-
icant source of line broadening in the QDs. Asymmetric
linewidth broadening of Mollow sidebands has been in-
vestigated previously4,9,18, but here we focus only on the
asymmetry of sideband intensity also in the presence of
a rich LDOS photon coupling. The intensity asymme-
try arising due to an interplay of photons and phonons
can be clearly distinguished near the upper waveguide
mode-edge, where the two baths have counter-interacting
effects. The asymmetries of the Mollow spectra as a func-
tion of laser-exciton detuning is also investigated to bet-
ter identify the role of the incoherent photon and phonon
scattering mechanisms. The general theory is further ap-
plied to study the spectral response of a QD coupled to
a disordered W1 waveguide (Fig. 1(b)), using a realis-
tic LDOS model that has been used to explain experi-
ments30.
II. THEORY
We focus on the single exciton state of a neutral QD
(strong confinement regime) which can be modelled as
a two-level system described by Pauli spin operators σ±
(Fig. 1(c)). Such a two-level atomic model of a QD has
been successfully used to explain numerous experiments
investigating phonon-dressed emission from QDs coupled
to structured reservoirs4,5,17,18. The QD located at spa-
tial position rd is simultaneously coupled to a photon
and phonon bath described by lowering operators f(ω)
and bq, respectively, where the subscript denotes the q
th
mode of the phonon reservoir. The QD is driven by a
strong coherent drive with amplitude Ω2 and frequency
ωL, and the Hamiltonian of the system in the frame of
the drive laser is31
H = h¯
∫
dr
∫ ∞
0
dω f†(r, ω)f(r, ω) + h¯∆xLσ
+σ−
−
[
σ+eiωLt
∫ ∞
0
dω d · E(rd, ω) + H.c
]
+ h¯
Ω
2
(σ+ + σ−)
+ Σqh¯ωqb
†
qbq + σ
+σ−Σqh¯λq(b
†
q + bq), (1)
where ∆xL = ωx − ωL is the exciton-laser detuning,
d = dnˆd is the QD dipole moment and λq is the exciton-
phonon coupling strength. The QD interaction with the
photonic reservoir is written using the dipole and ro-
tating wave approximation and the electric field oper-
ator E(r, ω) is expressed in terms of the Green’s function
G(r, r′;ω)31 of the photonic medium. The QD-phonon
interaction term can be eliminated by making a unitary
polaron transformation of the Hamiltonian H given by
H ′ → ePHe−P where P = σ+σ−Σq
λq
ωq
(b†q − bq)
24. The
polaron-transfromed Hamiltonian H ′ is given by a sum
of three separate contributions:
H ′ =H ′S +H
′
R +H
′
I,
H ′S =h¯
ΩR
2
[σ+ + σ−] + ∆xLσ
+σ−,
H ′R =h¯
∫
dr
∫ ∞
0
dω f†(r, ω)f(r, ω) + Σqh¯ωqb
†
qbq,
H ′I =− [B+σ
+eiωLt
∫ ∞
0
dω d · E(rd, ω) + H.c]
+Xgζg +Xuζu, (2)
where Xg = h¯
Ω
2 (σ
− + σ+), Xu = ih¯
Ω
2 (σ
+ − σ−), and
the phonon fluctuation operators24 are ζg =
1
2 (B+ +
B− − 2 〈B〉) and ζu =
1
2i(B+ − B−), and B± is
the phonon bath displacement operator24. The po-
laron modified Rabi frequency of the drive is ΩR =
Ω 〈B〉, where 〈B〉 is the thermal average of B± and
can be expressed in terms of the independent boson
model (IBM) phase φ as 〈B〉 = exp[− 12φ(0)], where
φ(t) =
∫∞
0 dω
Jpn(ω)
ω2 [coth(h¯ω/2kBT ) cos(ωt) − i sin(ωt)]
and Jpn(ω) the phonon spectral function
32. For conve-
nience, a polaron shift ∆P =
∫∞
0 dω
Jpn(ω)
ω is implicitly
included in the definition of ∆xL.
In order to derive a polaron ME, we transform the
Hamiltonian H ′ to the interaction picture as H˜ ′ →
U †(t)H ′U(t) where U(t) = exp[−i(H ′S + H
′
R)t/h¯]. A
second-order Born approximation in interaction H˜ ′I is
the made by assuming a weak coupling between the QD
and the photon reservoir and the phonon33 and photon34
degrees of freedom are traced out by assuming thermal
equilibrium and statistical independence of the two reser-
voirs33. The final time-convolutionless35 polaron ME, for
the QD reduced density operator ρ in the Schro¨dinger
3picture, is given by14
dρ
dt
=
1
ih¯
[H ′S , ρ] + Lphot(ρ) + L
D
phon(ρ)
+ γbL(σ
−) + γdL(σ
+σ−), (3)
where the superoperators terms, Lphot and L
D
phon
describe the incoherent interaction of the QD with the
photon and phonon bath, respectively, and the Lindblad
terms γbL(σ
−) and γdL(σ
+σ−) describe background
SE36 and pure dephasing37 of the QD, respectively, where
L[O] = 12 (2OρO
†−O†Oρ−ρO†O). The term LDphon(ρ)
14
describes phonon modified, incoherent scattering arising
due to the coherent drive and is given by, LDphon(ρ) =
− 1
h¯2
∫∞
0
dτ
∑
m=g,u(Gm(τ)[Xm, e
−iH′Sτ/h¯Xme
iH′Sτ/h¯ρ(t)]+
H.c.), which can be simplified to an more transparanet
analytical form38
LDphon(ρ) = Γ
σ+L[σ+] + Γσ
−
L[σ−]− Γcd(σ+ρσ+ +H.c.)
− (Γu(σ
+σ−ρ(σ+ − σ−) + σ−ρ) + H.c.), (4)
where the relevant analytical phonon-mediated scattering
rates are given by
Γσ
+/σ− =
Ω2R
2
∫ ∞
0
(Re[(cosh (φ(τ)) − 1)f(τ)
+ sinh (φ(τ)) cos (ητ)]
∓ Im[(eφ(τ) − 1)
∆Lx sin (ητ)
η
]dτ,
Γcd =
Ω2R
2
∫ ∞
0
Re[sinh (φ(τ)) cos (ητ)
− (cosh (φ(τ)) − 1)f(τ)]dτ,
Γu = i
Ω3R
2η
∫ ∞
0
sinh (φ(τ)) sin (ητ)dτ, (5)
where f(τ) =
∆2Lx cos (ητ)+Ω
2
R
η2 and η =
√
Ω2R +∆
2
Lx.
The above rates incorporate the spectral shape of the
phonon bath by accounting for phonon damping dur-
ing Rabi-oscillations of the driven QD and is valid for
weak and strong drives38. In the limit of weak driv-
ing, previously derived expressions32 for the scattering
terms Γσ
+/σ− and Γcd are naturally recovered starting
from Eq. (5). It should also be mentioned that we re-
tain only four relevant terms out of a total of seven an-
alytical phonon rates derived from Lphon(ρ) in our cur-
rent work, which uses parameters corresponding to InAs
QDs9, since the other terms are found to be negligible38.
Longitudinal acoustic (LA) phonon interaction due to de-
formation potential coupling plays the strongest role in
InAs (and GasAs) QDs, and we use the spectral func-
tion Jpn(ω) = αpω
3 exp[− ω
2
2ω2
b
], where the phonon cut-
off frequency, ωb = 1 meV and exciton-phonon coupling
strength αp/(2π)
2 = 0.06 ps2 19. For these parameters,
the derived polaron ME (Eq. 3) is rigorously valid up to
drive strengths of Ω ≈ 1 meV and this has been explicitly
verified (not shown) by matching the results with solu-
tions of weak coupling (i.e, non-polaronic) polaron ME
at low temperatures39,40.
In addition to the drive-induced phonon scattering
rates, incoherent interaction with the photon bath is also
influenced by phonons14 and is given by14
Lphot(ρ) =
∫ t
0
dτ
∫ ∞
0
dωJph(ω)[−Cpn(τ)σ
+σ−(−τ)ei∆Lτρ
+ C∗pn(τ)σ
−ρσ+(−τ)e−i∆Lτ + Cpn(τ)σ
−(−τ)ρσ+ei∆Lτ
− C∗pn(τ)ρσ
+(−τ)σ−e−i∆Lτ ], (6)
where ∆L = ωL − ω, Jph(ω) =
d·Im[G(rd,rd;ω)]·d
πh¯ǫ0
is
the photon reservoir spectral function, and the phonon
correlation function, Cpn(τ) = e
[φ(τ)−φ(0)]. The time-
dependent operators σ±(−τ) = e−iH
′
Sτ/h¯σ±eiH
′
Sτ/h¯ in-
dicate that the scattering rates are pump-field depen-
dent for strong pumps, and different dressed states (ω =
ωL, ωL±ΩR) can sample different regions of the photonic
LDOS12,13. The incoherent phonon mediated scattering
term, Lphot(ρ) can be simplified using the Markov ap-
proximation (t→∞) and is given by12
Lphot(ρ) = Γ
′(ΩR)L[σ] + [M
′(ΩR)[σ
+, σzρ] +H.c]
−N ′(ΩR)[σ
+σ−, ρ] + [K(ΩR)σ
+ρσ+ +H.c.], (7)
where σz = σ
+σ− − σ−σ+, and the phonon-modified,
drive-dependent scattering rates are
Γ′(ΩR) = 2Re[
Ω2R
2η2
TD +
1
2
(1 −
Ω2R
2η2
−
∆Lx
η
)TU
+
1
2
(1−
Ω2R
2η2
+
∆Lx
η
)TL],
N ′(ΩR) = i Im[
Ω2R
2η2
TD +
1
2
(1−
Ω2R
2η2
−
∆Lx
η
)TU
+
1
2
(1−
Ω2R
2η2
+
∆Lx
η
)TL],
M ′(ΩR) =
ΩR
2η
[
∆Lx
η
TD +
1
2
(1−
∆Lx
η
)TU
−
1
2
(1 +
∆Lx
η
)TL],
K ′(ΩR) =
Ω2R
2η2
(TD −
1
2
(TU + TL)), (8)
where Tk =
∫∞
0 dτCpn(τ)J
k
ph(τ), with the photon re-
laxation function Jkph(τ) =
∫∞
0 dωJph(ω)e
i(ωk−ω)τ , and
ωk=D,U,L denotes the frequencies of the three dressed
states given by ωD = ωL and ωU/L = ωL ± ΩR, respec-
tively. In the absence of phonon coupling (i.e., Cpn(τ) =
1), then the rates Γ′(ΩR),K
′(ΩR),M
′(ΩR) reduce to the
photon reservoir scattering rates Γ(Ω),K(Ω),M(Ω) de-
rived in Ref. 12 and the rates depends solely on the
photonic LDOS at ωL, ωL ± Ω. However in presence
of phonon coupling, a broad range of photonic LDOS
around these dressed state frequencies can be sampled by
the phonon bath14, in addition to a polaronic reduction
of the Rabi pump field. For weak driving, only photonic
4LDOS values around the drive frequency ωL contributes
and Lphot(ρ) →
γ˜
2L(σ), where the QD SE rate is sim-
ply γ˜ = 2Re[
∫∞
0 dτCpn(τ)J
D
ph(τ)]
15. As shown elsewhere,
γ˜ violates Fermi’s golden rule due to contribution from
broadband photonic LDOS14.
The incoherent spectrum from a structured photonic
reservoir observed at a detector located at rD, is given
by12,16
SP (rD, ω) = αP(rD, rd;ω)S0(ω), (9)
where the QD polarization spectrum,
S0(ω) = lim
t→∞
Re[
∫ ∞
0
dτ(
〈
σ+(t+ τ)σ−(t)
〉
eφ(τ)
−
〈
σ+σ−
〉
)ei(ωL−ω)τ ], (10)
and the IBM phase φ(τ) appears in S0 due to transfor-
mation from a polaron frame to the lab frame16, and
the propagator, αP(rD, rd;ω), of the photon reservoir,
describes propagation from the QD to the detector at
rD. The projected spectrum SP can be experimentally
observed, e.g., through the waveguide modes and the po-
larization spectrum S0 can be observed using the back-
ground decay channels γb (e.g., above light line modes
in a PC slab waveguide36). All our spectrum calcu-
lations make use of the quantum optics toolbox41. It
should be noted that the polaron ME in its original
integro-differential form (Eq. 3) can of course be numer-
ically solved for a given structured reservoir and we have
checked that the calculated spectrum exactly matches the
spectrum computed using polaron ME with the incoher-
ent scattering rates (not shown). Naturally, the analyti-
cal rates are easier to work with and help to explain the
underlying physics.
III. RESULTS
A. Slow-light coupled cavity waveguide
The optical scattering rates (Eq. 8) indicate that the
role of photon reservoir in QD Mollow spectra will be
strongest in a media which displays spectral inhomo-
genety over the width of the Mollow triplets, namely
ωL±Ω. One such relevant example is a PC coupled-cavity
waveguide42 shown in Fig. 1(a). Assuming nearest neigh-
bour coupling between adjacent cavities of mode volume
Veff , an analytical tight binding technique
42,43 can be ap-
plied to derive an expression for the waveguide photon
reservoir function,
Jph(ω)=
−d2ω
2h¯ǫ0n2bVeff
1
π
Im
[
1√
(ω − ω˜u)(ω − ω˜∗l )
]
, (11)
where ω˜u,l = ωu,l ± iκu,l
43, ωu,l represents waveguide
band-edge frequencies, κu,l represent the damping rates,
and nb is the refractive index of the background dielec-
tric. Expressions for photonic LDOS and the reservoir
propagator can be derived using Jph(ω). The photonic
LDOS is proportional to the Purcell factor, PF = γγb ,
where γ = Re[
∫∞
0
dτJDph(τ)] is the SE rate in the ab-
sence of phonon coupling and γb ≈ 1.5 µeV is the SE
rate of the background slab. The photon propagator is
αP(ω) = α0(rD, rd)
ω2
4
∣∣∣∣∣ 1√(ω − ω˜∗l )(ω − ω˜u)
∣∣∣∣∣
2
, (12)
where the prefactor α0 is a frequency-independent geo-
metrical factor.
Figure 2 (a) plots the Purcell factor (PF, dashed)
and normalized αP (solid), respectively, for a waveguide
formed by coupling individual cavities of Q (quality fac-
tor) factor ≈ 52000. As shown in Fig. 2(a), the waveg-
uide structure presents spectral regions, with slow (mid-
dle band) and fast (mode-edges, ωu,l) variation of pho-
tonic LDOS (Fig. 2(a)). To develop a simple physical
understanding of emitted spectra, we initially consider a
QD tuned to the band-center (ωx = ω0) of the waveguide
(Fig. 2(b)). This is a region where the photonic LDOS is
almost constant over a broad spectral range (≈ 4 meV,
dashed line Fig. 2(b)) and the polarization spectra S0 of a
resonantly-driven QD (∆xL = 0) without phonons (solid
light), resembles a symmetric Mollow triplet with three
peaks located at ω = ω0, ω0±Ω, where drive amplitude Ω
= 1 meV. This symmetry of the Mollow sidebands about
the drive frequency is expected in the absence of any
variations of the photonic LDOS2,12. When the effects
of phonon interactions are included, strong asymmetries
arise amongst the sidebands of the polarization spectrum
S0 (dark solid, Fig. 2(b)). The intensity of the peaks re-
duce from left to right, suggesting enhanced emission at
lower energies. This asymmetry in the Mollow sidebands
has been previously observed in phonon-dressed Mollow
spectra from bare QDs9 (i.e., not in a structured reser-
voir) and it arises due to unequal phonon emission and
absorption rates at low temperatures19,45. The phonon-
induced asymmetry can also be observed in the weak ex-
citation spectra of bare QDs16,44 (inset, Fig. 2(a)), which
resembles the IBM spectrum24. Phonon-induced emis-
sion asymmetry of the Mollow spectra has been previ-
ously explained using a polaron ME of Lindblad form,
derived assuming small drive strengths Ω19,32; however,
the spectrum calculations using the new phonon scatter-
ing terms (Eq. 5) are valid for large Ω, and produce an
even stronger asymmetry between the sidebands that can
be attributed to the newly presented phonon scattering
term Γu
38 (see later). Apart from the intensity asymme-
try, phonons also cause spectral broadening and reduced
splitting of the sidebands (dark solid, Fig. 2(b)). The
power dependent broadening also known as excitation
induced dephasing arises due to the Ω2 dependence of
the phonon terms (Eq. 5) and the reduced splitting hap-
pens due to renormalization of the drive amplitude (i.e.
ΩR → 〈B〉Ω)
32. For example at a phonon bath temper-
ature of 4K, then 〈B〉 ≈ 0.9, causing a 10% reduction of
the coherent Rabi drive. Figure 2(c) plots the polariza-
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FIG. 2: (Color online). (a) Purcell factor (dashed) and nor-
malized propagator αP (solid) for a coupled cavity PC waveguide.
Inset shows normalized emission spectrum from a weakly driven,
bare QD. (b) Normalized polarization spectra S0 with (dark) and
without (light) phonons near the waveguide band-center (i.e., at
ω0). The dashed line shows the photonic LDOS profile (∝ PF)
in normalized units. (c) plots the same quantities as in (b) in a
log-scale (dB) over a wider spectral range. (d) Normalized waveg-
uide projected spectra SP , with (dark) and without (light) phonons
near the waveguide band-center. (e) plots the same quantities as
in (d), in log-scale (dB) and over a wider spectral range to observe
mode-edge feeding. The waveguide calculations are similar to those
in experiments46 (see text); the QD dipole moment is taken to be
d = 50 Debye (0.021 e-nm), T = 4 K, γd = 7.8 µeV and γb = 1.5
µeV.
tion spectra S0 over a broader frequency range, in a log
scale (dB), which shows the phonon-induced asymmetries
more clearly and these will be useful in understanding the
role of the waveguide mode-edges in the projected spec-
tra, discussed below.
The reservoir projected spectra SP (Fig. 2(d)) is ob-
tained by projecting S0 with αP
16, accounting for phonon
emission from the QD to a detector. The projector func-
tion αP (Fig. 2(a), dark solid) can be approximated as
a sum of two sharp Lorentzians about the waveguide
mode-edges and is roughly constant around the region
of the Mollow triplet. The projected spectra (Fig. 2(d))
hence resembles the polarization spectra (Fig. 2(b)) in
this region. The spectral regions near the PC mode-
edges are however strongly magnified in the projected
spectra (Fig. 2(e)) compared to the polarization spectra
(Fig. 2(c)) leading to the appearance of five distinct peaks
(Fig. 2(e)). The spectra is plotted in a log scale (dB) in
Fig. 2(e) to better show the appearance of the five peaks
in SP . Phonon induced asymmetry effects also appear in
the peaks around the mode-edges (dark line Fig. 2 (e)),
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FIG. 3: (color online). Normalized polarization spectra S0 of
a QD located near the lower (a) and the upper (c) mode-edge of
a waveguide. (b) and (d) show the normalized projected spectra
SP corresponding to (a) and (c). The dark (light) solid lines show
calculations with (without) phonons. The insets in (b) and (d)
shows SP in a log scale. The light dashed line shows the normalized
photonic LDOS profile, as a reference in (a, c). Calculations use
the same parameters as in Fig. 2.
which is absent in the non-phonon case (light line).
Near band center, the Mollow spectra investigated in
Fig. 2 (b) is minimally influenced by the photonic LDOS
since it is roughly constant near the Mollow triplet fre-
quencies (dashed line, Fig. 2(b)) and photon effects are
only observed in the projected spectra near mode-edges,
far away from the Mollow peaks.
To better investigate the role of photon-phonon dy-
namics in the Mollow spectra, we next calculate the res-
onant (∆xL = 0 meV) spectrum for the QD tuned near
the waveguide mode-edge (Fig. 3). Once again, solid dark
and light lines represent calculation with and without
phonons. Figures 3 (a) and (b) plot the normalized polar-
ization spectra S0 and projected spectra SP , respectively,
for a QD tuned near the lower mode-edge and Fig. 3(b)
and (d) plots the same quantities near the upper mode-
edge. Since the bandwidth of the waveguide mode-edges
where the photonic LDOS varies maximally is small, we
choose a smaller value of Ω = 0.4 meV for calculating
the Mollow spectra. This way, the three Mollow peaks
sample different regions of photonic LDOS. For the Mol-
low spectra near the lower and upper mode-edge with-
out phonons (light line, Fig. 3(a) and (c)), the intensity
of the sideband sampling a lower photonic LDOS (out-
side waveguide band) is stronger than the one sampling a
higher photonic LDOS (inside the waveguide band). Sim-
ilar intensity asymmetry has been previously reported in
case of a Lorentzian cavity34, where the Mollow side-
bands sample spectral regions with different photonic
LDOS. It is possible to derive the emission spectra ana-
lytically in the limit of a Lorentzian cavity and derived
spectrum shows that the brighter Mollow sideband sam-
ples a smaller photonic LDOS (see dashed line of Fig. 5
6in Ref.34). The current waveguide results shows similar
behavior and here we go beyond previous photon reser-
voir theories using the secular approximation21, which
predicts equal sideband intensities irrespective of asym-
metries of the underlying photon bath.
When phonons are included, the intensity of the
side-bands increase (dark solid lines, Fig. 3 (a, c)).
This phonon-induced enhancement outside the waveg-
uide band can limit the efficiency of atomic switching
schemes using the mode-edge LDOS asymmetry13. Since
the bandwidth of the waveguide (≈ 8 meV) is greater
than that of the phonon bath (≈ 5 meV), emission near
band-edge far from the QD is negligible and hence ig-
nored in Fig. 3. As mentioned above, phonons enhance
emission at low energies. Near the upper mode-edge, this
leads to a strong enhancement of the Mollow side-band
inside the waveguide band compared to the one outside.
Thus the upper mode-edge (Fig. 3 (c)) presents an inter-
esting spectral region where the phonon and photon bath
act against each other in determining the final intensities
of the Mollow side-bands. This is not the case however
for the lower mode-edge, where the lower Mollow side-
band always remains stronger than the upper one. Note
that previous mean-field treatments20 predicting a simple
phonon renormalization of the QD-photon bath coupling
will not produce such intensity asymmetry between the
Mollow sidebands. The projected spectrum SP (Fig. 3 (b,
d)) show almost an order of magnitude lowering of the
Mollow side-bands compared to the central line (at ωx),
due to strong suppression by the narrow Lorentzian pro-
jector at the waveguide mode-edge. The corresponding
insets plots the respective projected spectra in a log-scale
(dB) and shows that the Mollow side-band asymmetries
of the polarization spectra S0, arising due to the photon
and phonon baths are retained in SP .
At the level of the polaron ME, the incoherent scatter-
ing terms M ′(ΩR) (Eq. 8) and Γu (Eq. 5) are directly
responsible for the photon and phonon-induced inten-
sity asymmetries of the Mollow side-bands, respectively.
They also represent similar mathematical terms at the
level of the ME (Eqs. 5 and 8), namely the commutator of
population σz and polarization σ
− and similar terms have
been shown previously to be responsible for phonon in-
duced asymmetries of vacuum Rabi doublets in a strongly
coupled QD-cavity systems16,47,48. The real and imagi-
nary parts of M(Ω) =Mr(Ω) + iMi(Ω) (Γu = Γ
r
u + iΓ
i
u)
are plotted in Fig. 4 (a) ((c)) and (b) ((d)), respectively,
as a function of detuning ∆Lx, for a fixed drive amplitude
Ω. The detuning is varied by tuning the QD with respect
to a fixed laser frequency. Though the phonon modified
rate, M ′(ΩR) enters into the ME (Eq. 3), in this discus-
sion we focus on the behavior of rate M(Ω), which is not
modified by phonons. This does not affect the reason-
ing below, since for the parameters used, phonons cause
very little difference (not shown) in M(Ω), other than a
slight reduction near the optimum points (Fig. 4(a, b)).
The thick dark, dashed and light line in Fig. 4(a) plots
M(Ω) when the drive laser is located near lower mode-
edge, band-center and upper mode-edge of the waveguide
band respectively. As is the case with most of our Mollow
spectra calculations, the three plots correspond to a value
of Ω = 0.4 meV. Calculations for higher drives (thin dark
line, Ω = 1 meV) show similar behavior to calculations
for lower drives (thick dark line, Ω = 0.4 meV), when the
laser is located near the lower mode-edge. The phonon
term, Γu is not influenced by photon bath and is plotted
for Ω = 0.4 meV (Fig. 4(c, d)). Note that we have verified
analytically and numerically (not shown) that only the
real parts of M(Ω) and Γu contribute to any intensity
asymmetries of the Mollow spectra. As expected from
Fig. 2(b), M(Ω) is smaller by three orders of magnitude
at the band-center compared to the mode-edges and the
photonic LDOS does not influence the Mollow spectra
(solid light line, Fig. 2(b)).
The full resonant Mollow spectra with phonons (dark
solid line) from Fig. 2(b) suggest that a positive value
of Γru (at ∆xL = 0 meV) correlates with a strong lower
Mollow side-band compared to the upper one. The cor-
responding resonant Mr(Ω) near the lower mode-edge
(Fig. 4(a), thick dark solid, at ∆xL = 0 meV) has a
positive value (0.93) and produces a similar asymmetry
in the spectrum without phonons (light line, Fig. 3(a)).
A negative resonant Mr(Ω) (= −0.95) near the upper
mode-edge (Fig. 4(a), thick light solid) leads to opposite
assymetry of Mollow sidebands, without phonons, (light
line, Fig. 3(c)). Since Γru ≥Mr(Ω) at ∆xL = 0 meV, the
sideband of the final spectrum (thick dark, Fig. 3(c)) is
stronger to the left.
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FIG. 4: (color online). Real (a) and imaginary (b) parts of
M(Ω) as a function of QD-laser detuning ∆Lx, for a QD located
near lower mode edge (thick dark), upper mode-edge (thick light)
and middle (dashed) of the waveguide band for Ω = 0.4 meV. The
dashed line is multiplied by a factor of 1000 for better visibility. The
thin dark line shows calculations for a QD near lower mode-edge at
Ω = 1 meV. Calculations use the same waveguide parameters as in
Fig. 2. Real (c) and imaginary (d) parts of Γu as a function of QD-
laser detuning ∆Lx for Ω = 0.4 meV and T = 4 K. Calculations
use the same parameters as Fig. 2.
The role of Mr(Ω) term in governing the asymmetry
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FIG. 5: (color online). Polarization spectra S0 of a QD with
(dark) and without (light) phonon coupling, plotted for different
QD-laser detunings ∆Lx. The dashed line shows the normalized
profile of the photonic LDOS and the laser is spectrally fixed (cen-
tral Mollow line) near the upper waveguide mode-edge, with drive
strength Ω = 0.4 meV. Calculations use the same parameters as in
Fig. 2.
of the Mollow side-bands becomes more clear, when the
spectrum is plotted as a function of detuning ∆Lx. Fig-
ure 5 plots the normalized polarization spectrum with
(thick dark solid) and without phonons (thin light), for
different detunings ∆Lx, near the upper mode-edge of the
waveguide (dark dashed). For small negative detunings
(∆Lx = −0.1 meV), Mr(Ω) has a larger negative value (-
2) compared to its value (−0.95) at ∆Lx = 0 meV (thick
light, Fig. 4(a)), and the spectrum without phonons (thin
light) shows a larger asymmetry between Mollow side-
bands, with a strong upper band. Inclusion of phonons
(thick dark) reduces this assymetry since Γru > |Mr(Ω)|.
For a small positive detuning (∆Lx = 0.2 meV), Mr(Ω)
is positive (= 1) (thick light, Fig. 4(a)) and the lower
Mollow side-band without phonons is now stronger (light
line, Fig. 5). A larger value of ∆Lx is chosen for the pos-
itive detuning case since at ∆Lx = 0.1 meV, Mr(Ω) is
very small (= 0.2). When detuning ∆Lx is large com-
pared to drive amplitude ΩR (= 0.4 meV), the side-band
spectrally closer to the QD dominates. This is verified
by spectrum calculations at large detunings (∆Lx ± 0.6
meV, top and bottom curves, Fig. 5), where the sideband
closer to the QD is strongest and the importance of the
assymetry terms (Mr(Ω), Γ
r
u) becomes minimal.
B. Disordered W1 photonic crystal waveguide
The role of the interacting photon and phonon baths on
the QD spectra were explored so far in the case of a model
coupled-cavity waveguide. Since the theory is valid for
arbitrary structured reservoirs, we can apply it to explore
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FIG. 6: (Color Online) (a) Top view schematic of a disordered
W1 PC slab with ideal air holes (dark-filled/black circles), dis-
ordered holes (light/red circles) and the background slab (gray).
(b) The mode profile |Ey|2, at slab center, along with the numer-
ical dielectric profile for a disordered fundamental mode at the
disorder-induced resonance ωc (see also Fig. 7(a) for the corre-
sponding LDOS profile.).
such dynamics in any desired LDOS reservoir function.
By way of an example, we next consider a W1 PC waveg-
uide (cf. Fig. 1 (b)) which is formed by introducing a line
defect in a triangular lattice of air holes etched in a semi-
conductor slab. To further demonstrate the strength of
out technique, we also add in realistic structural disorder
to the waveguide, using full 3D numerical simulations.
The disorder perturbation is characterized by a random
hole center shift drawn from a normal probability distri-
bution having a zero mean and non-zero standard devia-
tion denoted by σ. This is shown schematically in Fig. 6
(a). We choose a pitch of a = 240 nm, and model GaAs
membranes with a slab dielectric constant of ε = 12.11.
In terms of a, we use a corresponding W1 waveguide with
a hole radius of r = 0.295a, slab height of h = 0.625a,
and the length of the waveguide is fixed at 30a. Intrinsic
disorder is present due to manufacturing imperfections,
and is chosen to be σ = 0.005a = 1.2 nm, which has been
shown to match the DOS of related experiments50. With
these parameters, a y-oriented dipole placed at the center
of the waveguide (an anti-node for the field component
Ey) excites the fundamental mode modified by the in-
trinsic disorder present in the waveguide. The resulting
Purcell factor calculated from a full 3D FDTD simula-
tion is shown in Fig. 6(a) and the disordered electric-field
mode profile (|Ey |
2) at ωc (center of the mode resonance,
formed near the W1 mode edge) is shown Fig. 6(b), where
we show the field profile at slab center; see Ref. 30 for
numerical implementation details.
Using the above W1 photon bath LDOS results,
Fig. 7(a) plots the Purcell factor and normalized projec-
tor for the disordered W1 waveguide at the field antin-
ode position. Both the PF and the projector show two
resonances close to the mode-edge. Figure 7(b) plots
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FIG. 7: (color online). (a) Purcell factor (dashed) and normal-
ized propagator αP for a disordered W1 PC waveguide. ωc marks
the band-edge where the Purcell factor is maximum. Normalized
polarization spectra S0 (b) and normalized projected spectrum SP
(c) for a QD, with (dark) and without (light) phonon coupling, near
the waveguide mode edge. The dashed line in (b) shows the pho-
tonic LDOS profile (∝ PF) in normalized units. Inset of (c) shows
the projected spectra on a log scale. The QD parameters are same
as in Fig. 2, ∆Lx = 0 meV, and the waveguide calculations use
parameters from Ref. 30.
the polarization Mollow spectra for a QD tuned near
the mode-edge (dashed line) and the dark (light) solid
lines show on-resonant Mollow spectra, with (without)
phonons. The drive amplitude ΩR is chosen to closely
match the spectral separation between the two LDOS
resonances. As expected from Fig. 3(a), phonons and
photons strongly enhance the intensity of the lower side-
band, sampling a smaller photonic LDOS. Figure 7(c)
plots the projected spectra in linear (main) and log-scale
(inset) and the side-bands are almost invisible in the lin-
ear spectra, due to strong suppression by the projector
(Fig. 7(a), dark line).
IV. CONCLUSIONS
We have investigated the resonance florescence spec-
tra from a strongly driven QD coupled to slow-light PC
waveguides, and presented a theory that allows one to
include both photon and phonon coupling in the pres-
ence of a strong pump field. A strong spectral variation
of the coupled photon and phonon LDOS values cause
a rich intensity asymmetry in the Mollow triplet side-
bands from a coherently driven QD. As a first exam-
ple of a structured photon reservoir, we chose a coupled
cavity PC waveguide which shows spectral regions that
support both fast and slow spectral variations of the pho-
tonic LDOS. Spectral inhomogeneities of the photon and
phonon baths separately influence the side-band inten-
sities and their separate roles are identified by investi-
gating the Mollow spectra near the upper mode-edge of
the coupled cavity waveguide. In this slow-light region,
photon and phonon baths counteract each other to de-
termine the final side-band intensities. The important
incoherent photon and phonon scattering terms respon-
sible for causing the intensity asymmetry are identified
at the level of the polaron ME, where phonon coupling
effects are included nonperturbatively. The polaron ME
technique developed is quite general and can be applied
to arbitrary structured photon baths profiles. As a fur-
ther example, we also studied the case of a driven QD in
a disordered W1 slab waveguide, and once again showed
the important role of coupled photon and phonon inter-
actions in the light emission from a coherent drive. These
dynamical effects of coupling to both phonon and photon
baths are relevant for understanding related experiments
and emerging applications of QD waveguide systems.
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